As pulmonary artery catheter (PAC) use declines, search continues for reliable and readily accessible minimally invasive hemodynamic monitoring alternatives. Although the correlation between inferior vena cava collapsibility index (IVC-CI) and central venous pressures (CVP) has been described previously, little information exists regarding the relationship between IVC-CI and pulmonary artery pressures (PAPs). The goal of this study is to bridge this important knowledge gap. We hypothesized that there would be an inverse correlation between IVC-CI and PAPs.
INTRODUCTION
Invasive hemodynamic monitoring approaches are associated with significant complications. [1, 2] At the same time, the clinical utility of information provided by various invasive methods remains questionable at best. [3] With declining the use of indwelling intravascular monitoring devices, including the pulmonary artery catheter (PAC), [4, 5] search continues for reliable, accessible, and easy-to-use minimally invasive hemodynamic monitoring alternatives. [6] [7] [8] Although the correlation between inferior vena cava collapsibility index (IVC-CI) and central venous pressures (CVP) has been well described, [9] [10] [11] [12] little information exists regarding the relationship between central vein collapsibility (including pertinent subcomponent measurements) and pulmonary artery pressures (PAPs). [13, 14] The aim of this study is to answer important questions regarding correlations between information traditionally provided by the PAC and the corresponding IVC-CI findings. We hypothesized that the relationship between PAPs and IVC-CI will approximate previously published results for CVP and IVC-CI. [9, 10] 
METHODS
We conducted a post hoc analysis of prospectively collected, single-center data. Correlations between IVC-CI and PAPs were examined using a convenience sample of Surgical Intensive Care Unit (SICU) patients at a major academic regional referral center. Included in the current subset analysis were SICU patients between ages 18 and 90 years who, independently of the current study, met criteria for invasive hemodynamic monitoring using the PAC. Excluded populations included prisoners and patients <18 years or >90 years old (standard Institutional Review Board [IRB] exclusions for our institution).
Recorded clinical data included patient demographics, illness acuity/severity (Acute Physiologic Assessment and Chronic Health Evaluation II [APACHE II] scores), clinical diagnosis associated with PAC placement, and mechanical ventilation status.
Intensivist-performed focused sonographic measurements and corresponding invasive hemodynamic parameters were obtained during weekly SICU ultrasound team rounds. Concurrent measurements of IVC-CI and pulmonary arterial systolic (PAS), pulmonary arterial diastolic (PAD), and pulmonary arterial mean (PAM) pressures were recorded within 5 min of each other. Vena cava measurements were carried out using a standardized, previously described technique. [9, 10, 15] IVC collapsibility was calculated for both mechanically ventilated and spontaneously breathing patients as:
The PAC setup utilized by the institution consists of continuous cardiac output -PAC, as previously described by our group. [16] The portable ultrasound device used to acquire IVC measurements was Sonosite M-Turbo™ (Sonosite Fuji Film, Bothell, WA, USA).
For the purpose of correlative analyses, PAP measurements (PAS, PAD, and PAM) were grouped by terciles, whereas the IVC-CI spectrum was divided into thirds (<33, 33-65, and ≥66). Categorical data were analyzed using Fisher's exact or Chi-square testing (as appropriate) while continuous data were compared using the Kruskal-Wallis test (continuous data were nonnormally distributed). No formal sample size/power analysis was performed due to the post hoc nature of this study and the limited number of patients undergoing PAC placement in the SICU. Bivariate correlations involving noncontinuous data were determined using Spearman's rho (two-tailed). For continuous data, linear regression was utilized. Statistical significance was set at α = 0.05. This study was approved by the IRB.
RESULTS
Data from 34 patients (12 women, 22 men) from noncardiac SICU were analyzed. Median patient age was 59.5 years (range, 31-89). Median APACHE II score was 9 (range, 5-28) at the time of admission to ICU. Septic shock was the most common diagnosis associated with PAC placement (29/34, 85.3%) followed by cardiogenic shock (5/34, 14.7%). Twenty-six of 34 (76.5%) patients were mechanically ventilated during clinical data acquisition. Prospective data collection took place during weekly interdisciplinary SICU ultrasound rounds between March 26, 2012 and April 15, 2013.
A total of 76 simultaneous "measurement sets" were recorded, with 57% (43/76) obtained in mechanically ventilated patients. Correlations between IVC-CI and PAS (r s = −0.334, P < 0.01), PAD (r s = −0.305, P < 0.01), and PAM (r s = −0.329, P < 0.01) were poor [ Figure 1 ]. Correlations were higher between CVP and PAS (R 2 = 0.61, P < 0.01), PAD (R 2 = 0.68, P < 0.01), and PAM (R 2 = 0.70, P < 0.01) [ Figure 2 ]. High IVC-CI values (>66%) consistently correlated with measurements in the lowest PAP ranges [ Figure 3 ]. In all three PAP groups (PAS, PAD, and PAM), there were no differences between the mean group pressures for the lower and middle IVC-CI ranges (0%-65%). However, all three PAP sub-groups had significantly lower mean composite pressures for the ≥66% IVC-CI segment.
Finally, we compared IVC-CI (grouped by previously outlined ranges) against cardiac output, cardiac index, and end-diastolic volume index (EDVI). Here, "low" intravascular volume (e.g., IVC-CI ≥66%) was associated with a greater proportion of measurements indicating lower cardiac index, cardiac output, and EDVI [ Figure 4 ]. Of note, the overall relationship between 
DISCUSSION
Accurate hemodynamic and volume status assessments are critical to clinical management optimization in the SICU. [17] One recent trend in critical care medicine is the abandonment of invasive hemodynamic monitoring tools, such as the PAC, in favor of minimally or noninvasive substitutes. [18, 19] The rationale behind this trend is two-fold: (a) elimination of complications associated with invasive hemodynamic monitoring tools; [2, 20] and (b) lack of clinical evidence supporting the use of invasive modalities outside of narrowly defined, often specialized indications. [3, 21] Despite the fact that few of the existing minimally invasive or noninvasive methods of hemodynamic and volume status assessment have the desired reliability or the ability for continuous, uninterrupted monitoring, the trend away from invasive modalities marches forward. [22] Intensivist-performed focused bedside sonographic assessment of intravascular volume status is increasing in popularity due to its relative simplicity, skill standardization, and mounting evidence of clinical utility. [9, 10, 12, 13, [22] [23] [24] [25] Given these parallel developments, as well as the need for more evidence-based comparative research, we set out to examine the relationship between IVC-CI and PAPs in a modest sample of patients.
The primary goal of this study was to provide a frame of reference for critical care practitioners who may be familiar and comfortable with both the traditional and more contemporary methods of hemodynamic and volume status assessment. More specifically, practitioners may find it useful to be able to relate the "new and unknown" to the "old and known." We believe that this study provides such fundamental information.
Despite poor correlations between IVC-CI and most of the PAC-derived parameters, important generalizations
can be made based on our data. First, high IVC-CI (≥66%) appears to correlate well with low cardiac output/index. Same can be said about high IVC-CI as an indicator of "low" EDVI. Finally, all three of the PAP measurement categories (PAS, PAD, and PAD) show inverse stepwise correlation with increasing IVC-CI ranges. This fits well with previous observations that higher degrees of central vein collapsibility tend to be associated with hypovolemic states. [9, 10] Moreover, the demonstration of an inverse relationship between IVC-CI and continuous cardiac output measurements may also prove helpful in clinical decision-making.
The sonographic approach utilized in the current investigation constitutes only a small part of the repertoire of tools available to the modern critical care practitioner. Other minimally invasive tools include arterial waveform-based monitors, impedance plethysmography devices, as well as other ultrasound-based methodologies (e.g., transesophageal echocardiography, transthoracic echocardiography, and esophageal Doppler monitors). [26] [27] [28] [29] Thus far, none of the above tools has proven to be the panacea for the problem of accurate hemodynamic and volume status assessment. [1, 30] Much like in the decades past, the practitioner is left with his or her clinical "gestalt," a set of supporting triage mechanisms, and a number of tools that have the potential to influence the ultimate clinical decision. [31] [32] [33] [34] Monitoring dynamic trends and changes within parameters (including appropriate cross-checking of information from various sources and repeated measurements of resuscitation endpoints) may be the only proven method of avoiding costly diagnostic and management mistakes in the ICU. [35] Limitations of this post hoc analysis include the purely observational nature of the study precluding any standardization beyond measurement acquisition, and the inability to examine dynamic parameter responses to real-time interventions. In addition, the study was a priori defined to examine only those patients with clinical indications for PACs (and, presumably, the abnormal PAPs inherently overrepresented in such a group). The study population is, therefore, heterogeneous, and our findings do not apply to the use of IVC-CI in patients who are not critically ill or who are not suspected of having abnormal PAC measurements. Consequently, the authors stress that it is important for the reader to remember that patient outcomes depend on interventions based on hemodynamic information and not the presence of monitoring devices. [29, 36] The gradual abandonment of PACs at this institution made this project especially challenging, severely limiting the sample size. In addition, the increasing emphasis on cardiac output/flow and tissue perfusion characteristics diminishes the significance of central venous and PAP measurements. Strengths of this study include the evaluation of variables rarely used in clinical medicine and their correlation to sonographic measurements of intravascular volume status that are utilized at an increasing rate across both emergency and intensive care settings. Finally, despite the intuitive nature of our findings, descriptive data in this area continue to be very limited.
CONCLUSIONS
This study found that low PAS, PAD, and PAM measurements consistently correlate with high IVC-CI (≥66%) values. In addition, elevated IVC-CI appears to be linked to greater overall proportion of associated low cardiac output measurements. These findings corroborate previous descriptions of the relationship between IVC-CI and intravascular volume status. The association between high IVC-CI and "low cardiac output" provides potentially important hemodynamic information to the clinician who desires a rapid noninvasive test for low cardiac output in the setting of hypovolemia. Further research in this area is needed to better define the relationship between IVC-CI and PAP, with the goal of continued reduction in the use of pulmonary artery catheters.
